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We study the magnetic properties of Co nanoparticles, prepared by sputtering, with diameters
ranging from 1 to 3.5 nm. The effective anisotropy, which determines the activation energy for the
magnetization reversal, increases with decreasing particle’s size, showing the dominant role played
by surface atoms. We find that the superparamagnetic blocking temperature and the coercive field
are significatively enhanced when the clusters are capped by a thin Au layer. This enhancement is
probably caused by the bonding or hybridization of Co and Au atoms at the interface between the
two metals. It provides thus a method to modify the magnetic anisotropy, which can be of interest
for the applications of magnetic nanoparticles. © 2006 American Institute of Physics.
DOI: 10.1063/1.2172217The magnetic anisotropy of magnetic nanoparticles is a
key parameter for the application of these materials in data
recording.1 The product of the anisotropy constant K times
the volume of the particle V gives the activation energy U
required to reverse the particle’s magnetization. At any tem-
perature, the time stability of a magnetic bit against thermal
fluctuations is determined by the Arrhenius law,2
 = 0 exp UkBT , 1
where 0 is an attempt time. Therefore, reducing the size of
magnetic bits down to the nanometer range requires new
ways of enhancing their anisotropy.
In the case of nanometer-sized particles, the anisotropy
usually exceeds the magnetocrystalline anisotropy of the
bulk material.3–7 It is then dominated by size-dependent ef-
fects arising from shape, stress, and their large surface-to-
volume ratio. The lower symmetry of surface atomic sites
leads to an enhanced anisotropy. This phenomenon is remi-
niscent of the surface anisotropy observed in thin magnetic
films.8,9 Interestingly, the anisotropy of thin films depends
not only on the layer’s thickness but also on the nature of the
substrate on which the films grow.9,10 This effect is associ-
ated to the interaction or bonding of surface magnetic atoms
to those of the substrate or a capping layer.11,12 Here, we
show that capping Co clusters by a thin noble metal layer
provides also a relatively simple method to enhance their
anisotropy.
Nanometer-sized Co clusters were prepared, as described
previously,13 by sequential sputtering of amorphous alumina
and Co layers on a Si substrate. The Co layer segregates into
nearly spherical metallic clusters, which within each layer is
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be controlled by varying the nominal thickness tCo that the
Co film would have if it were continuous. Below tCo=1 nm,
clusters crystallize with the fcc Co phase.13 In this work, we
studied granular films with tAl2O3 =3 and 0.2 nm tCo
0.7 nm, corresponding to the average particle diameters D
between 1 and 3.5 nm. Gold-capped clusters were prepared
by depositing a thin 1.5 nm Au film right after the deposi-
tion of the Co clusters. Therefore, we do not expect the crys-
tal structure and morphology of the clusters to be affected by
the capping, as it is indeed suggested by our magnetic mea-
surements see below. Usually samples are made by piling
up a number N of Al2O3/Co or Al2O3/Co/Au repetition
units.
Magnetization and ac susceptibility experiments were
performed in a commercial superconducting quantum inter-
ference device SQUID magnetometer. The applied mag-
netic field was always parallel to the plane of the samples to
minimize demagnetization effects. The diamagnetic contri-
bution of Si was determined by measuring a bare substrate
and then subtracted from all magnetic data. The samples con-
tain also a fraction of isolated atoms or very small clusters,
which do not form particles. Their magnetic susceptibility
can be estimated from high-field 5 T magnetization mea-
surements performed down to low temperatures T2 K.6
It is negligible with respect to the susceptibility of the par-
ticles in the whole temperature range of interest here 5 K
T100 K. In addition to these magnetic studies, we also
performed x-ray magnetic circular dichroism XMCD ex-
periments at the L2,3 absorption edges of Au. These measure-
ments were done at the ID12 beam line of the ESRF in
Grenoble.
The dc magnetic susceptibility  and magnetization iso-
therms M of uncapped and Au-capped Co clusters with D
1.8 nm are plotted in Figs. 1 and 2. The equilibrium mag-
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perparamagnetic blocking temperature Tb where  is much
shorter than the typical experimental time scales texp
140 s, is almost the same for both samples. This shows
that capping with Au does not modify much of the particle’s
size distribution. By contrast, the temperature of the suscep-
tibility maximum increases by almost a factor 3, from 8.5 K
for the uncapped clusters up to 23.5 K for clusters capped by
Au. As follows from the Arrhenius law, Eq. 1, this blocking
temperature reflects the freezing of the magnetic moments
that takes place when  becomes of the order of texp. These
data suggest therefore that the magnetization reversal of
capped clusters is slower than that of clusters in alumina, i.e.,
the magnetization becomes more stable against thermal fluc-
tuations. The same qualitative conclusion can be drawn from
hysteresis loops measured in the blocked temperature region
TTb that are plotted in Fig. 2. Capping with Au leads to
a six times larger coercive field from Hc=0.5–3.15 kOe, in
other words, it makes the clusters magnetically harder.
In previous studies of samples prepared by the same
method, we used ac susceptibility data to obtain the magnetic
anisotropy.6 Here, we apply the same technique to the un-
capped and capped Co particles. As shown in Fig. 3, imagi-
nary susceptibility data  measured at different frequencies,
0.1 Hz /290 Hz, fall in a single curve when they are
plotted against the scaling variable T ln1/0. The prefac-
tor 010−15 s is estimated a priori from the Arrhenius plot
FIG. 1. Color online dc susceptibility  measured after cooling the
samples in zero field of two granular Co multilayers with tCo=0.4 nm and
N=25 layers:  uncapped clusters;  clusters capped by a 1.5 nm thick
Au layer. The inset shows the magnetization curves of the same samples
measured at 100 K.
FIG. 2. Color online Magnetization hysteresis loops of two samples of
capped and uncapped Co clusters with tCo=0.4 nm and N=25 measured at
2 K.
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ing plot is directly related to the distribution of activation
energies U. We see that, for a given average diameter, cap-
ping by Au leads to a remarkably large shift of the distribu-
tion towards larger U values.
Once we have the distribution of particle’s sizes and of
activation energies, the effective anisotropy constant K can
be estimated simply as the ratio between U and V for par-
ticles with average diameter D see Ref. 6 for details. We
find see the inset of Fig. 3 that K is much larger than the
anisotropy of bulk fcc Co Ref. 14 Kbulk7105 and that it
increases with decreasing size. It is interesting to mention
that the value K8106 erg/cm3 we obtain for D
2.6 nm N800 atoms per cluster is of the same order as
the uniaxial anisotropy constant obtained from first prin-
ciples calculations for Co clusters of about 600 atoms.15
These results indicate that surface atoms are much more ef-
fective as a source of anisotropy than core atoms. In addi-
tion, Au-capped clusters show, for all sizes, a much stronger
anisotropy than clusters embedded in alumina.
We can understand the size-dependent K using a very
simple picture in which the surface and core atoms have
different anisotropy constants, Ksurface and Kbulk, respectively.
Within this model, K can be fitted by the following phenom-
enological expression:
K = fKsurface + 1 − fKbulk, 2
where f1− 1−0.4/D3 is the fraction of surface atoms in a
fcc cluster. We find that Ksurface=25Kbulk when the clusters
are embedded in alumina, whereas capping with Au makes it
almost three times larger Ksurface70Kbulk.
The dependence of the surface anisotropy on the sur-
rounding material is strongly reminiscent of the behavior ob-
served for thin films of Co.9,10 For Au/Co/Au films the an-
isotropy gives rise to a preferred perpendicular
magnetization for less than 11 atomic layers.10 On basis of
ab initio electronic band calculations,11,12 the interface aniso-
tropy was attributed to the hybridization or bonding of the 3d
electronic states of Co with the conduction band of Au. This
bonding affects in a different way the electronic bands aris-
FIG. 3. Color online Scaling plot of the imaginary susceptibility  mea-
sured at  /2=0.1 Hz circles, 1 Hz triangles, 10 Hz squares, and
90 Hz stars for two samples of Co clusters with tCo=0.4 nm and N=25.
Solid symbols: uncapped clusters; open symbols: Au-capped clusters. The
inset shows the enhancement of the size-dependent magnetic anisotropy
constant K caused by Au capping. The solid lines are least-squares fits to a
core-shell model Eq. 2.ing from Co d orbitals that are either in the plane of the
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gies for these bands are then modified, which directly
changes the magnetic anisotropy since it arises from the dif-
ference between the spin-orbit energies for spin parallel and
perpendicular to the surface. This hybridization is expected
to be strong in the case of Au–Co interfaces, since the Fermi
levels of both metals are rather close in energy.11
The existence of hybridization at the interface between
the Co clusters and the Au overlayer is supported by x-ray
absorption experiments. The spectra, plotted in Fig. 4, show
XMCD signals near the L2,3 absorption edges of Au; a clear
sign that Au 3d electrons become magnetically polarized by
the interaction with Co.16 These experiments show that the
anisotropy enhancement is accompanied by a modification of
the electronic structures and magnetism of the capping me-
tallic layer. We should mention, however, that this polariza-
tion could also mediate Ruderman-Kittel-Kasuya-Yoshida
RKKY interactions between the nanoparticles of each
layer.17 Additional interparticle interactions usually lead to
larger U.18 However, we do not think that interactions are the
dominant source of anisotropy in our samples. Indeed, if they
were, the effect of Au would increase with the size of the
particles, whereas the opposite is observed see the inset of
Fig. 3. In addition, interaction effects are usually suppressed
by the application of relatively weak magnetic fields,19
whereas we observe a large difference in the coercive fields
FIG. 4. X-ray magnetic circular dichroism of two samples of Au-capped
tAu=1.5 nm Co clusters with different average diameters. The spectra were
measured at the L2,3 edges of Au, at T=4.2 K and under a magnetic field
of 1 T.of capped and uncapped clusters Fig. 2.
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sized clusters can be modified by capping them by a noble
metal, such as gold. This phenomenon is probably associated
to the bonding of Co and Au atoms at the interface, which
depends on the electronic band structures of the two metals.
In principle, the same idea could apply to clusters made of
other magnetic metals, thus providing a relatively simple
method to tune their magnetic anisotropy. The fact that this
phenomenon survives in nanoparticles offers interesting
prospects for the improvement of their technological appli-
cations, in which the embedding matrix receives an active
role.
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